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Peridinin-chlorophyll-protein, a water-soluble light-harvesting complex that has a blue- monomers (312 residues) of PCP and to 
green absorbing carotenoid as its main pigment, is present in most photosynthetic insert the pigm$nts. After extending the res- 
dinoflagellates. Its high-resolution (2.0 angstrom) x-ray structure reveals a noncrystal- olution to 2.0 A and refining further, lipids 
lographic trimer in which each polypeptide contains an unusual jellyroll fold of the and water molecules were found in differ- 
a-helical amino- and carboxyl-terminal domains. These domains constitute a scaffold ence Fourier maps and were inserted into the 
with pseudo-twofold symmetry surrounding a hydrophobic cavity filled by two lipid, eight model. The lipids are an integral part of tlie 
peridinin, and two chlorophyll a molecules. The structural basis for efficient excitonic structure; their existence in PCP was unex- 
energy transfer from peridinin to chlorophyll is found in the clustering of peridinins around pected and points to the coinplexity of tlie 
the chloroph'ylls at van der Waals distances. holoprotein assembly. On the basis of well- 

defined density and possible hydrogen 
bonds, the lipids were identified (Table 1) as 
digalactosyl diacyl glycerol (DGDG). We 

Light-harvesting complexes (LHCs) increase information, such as that available for inem- assume that DGDG binds tightly to the 
the overall efficiency of photosynthesis by brane-bound LHCs from higher plants (3) chlorophylls before colnplex formation; its 
passing absorbed light to reaction centers, and bacteria (9) ,  has greatly enhanced our relnoval during unfolding by acetone may 
where conversion to chelnical energy occurs, understanding of antelilia systems having cause the f a i l ~ ~ r e  of renaturation experi- 
Photosynthetic dinoflagellates, which make chlorophyll as the main pigment. The high- iiients (7) .  As DGDG is mostly found in 
LIP m~lch of the sea plankton and are the cause resolution structure of PCP gives insight into the inner tliylalcoid meml~rane ( I  I ) ,  
of red tides, use about equal aniounts of two the highly organized structural basis of light- where it is the main lipid, our finding 
classes of pigments, carotenoids ( I )  and chlo- harvesting by carotenoids and its efficient supports the disposition of PCP inside tlie 
rophy11, for the efficient harvesting of light, transfer to chlorophyll and should be of con- thylalcoid lumen, which was previously 
Most dinoflagellates have peridinin (Fig. 1) as siderable value for relating theoretical calcu- based only on  an analysis of leader se- 
their predominant carotenoid, enabling them lations of energy transfer to the experimental- quences ( 4 ) .  
to capture solar energy in the blue-green range I\; determined spectroscopic parameters. In the crystal structure (Fig. 2) ,  the 
(470 to 550 nm), which is illaccessible by The crystal structure of PCP from A. NH,- and COOH-terminal halves of the 
chlorophyll alone. In addition to a mem- cm.terneo(I 6) mas deterinineJ at a resol~ltion polypeptide form almost identical domaills re- 
brane-bound LHC ( 2 ) ,  which structurally and of 2.0 A with the use of x-ray crystallogra- lated by a tvvofold pseiidosyminetry axis [root 
fiinctionally resembles that of higher plants 
(31, dilloflagellates have developed a soluble Table 1. Crystallographic data. Data collection: Native1 and derivative data (5 mM K2PtCI,, 1 -day soak) 
antenna with a high carotenoid:cliloro~~l~~~l were collected on a rotating anode source (CuKoc, 40 kV, 100 mA) viiith a STOE (Darmstadt. Germany) 
ratio, p e r i ~ i l , i n . c ~ ~ o r o ~ l ~ ~ o t e i l ,  (PCP), imaging plate detector. Native2 was collected at the BW7B wiggler beamline at DESY on a 30-cm 

has silnilarity vvitl, other MARresearch (Hamburg. Germany) Image plate. All data were processed with XDS (26). Phasing: SIX 
heavy-atom bind~ng stes were found using SHELXS (27) in Patterson search mode, and four add~tional 

kno'vn proteins (4). of PCP s~tes were found by inspecton of difference Fourier maps. Refinement of heavy-atom parameters was 
a ~ o ~ r o t e i l l  of aro~lnd 16 kD exist as ho- done with DAREFI (28). The phases could be improved further by nclusion of the anomalous signal and 
modimers (5), whereas forms vvith an apopro- the use of solvent flattening and noncrystallographic symmetry averaging of the trimer in the asymmetric 
tein of around 32 kD probably arose by duPli- un~t (29). Model bu~ld~ng and refinement: The resulting 2.9 A electron density map was readily interpret- 
cation & fusion of allcient PCP I ~ ,  able. An intal model of PCP was built w~th 0 (23). The full sequence could be ncluded, and 10 pigments 

PCP froln ~ ~ ~ h ~ d ~ ~ ~ ~ ~ ~  cccrterae, yH,- were modeled. The initial model was reined with X-PLOR (24), ~ncluding simulated annealing, positional 
refinement, and manual rebuilding against Nat~vel and later Native2. Strong noncrystallographic sym- 

CooH-terlninal (6) of 'lie metry restrants were appled throughout the refinement. ARP (30) was used to obtain unbiased atomic 
seclLlellce (30.2 kD) share iGC): of pos~tions for well-connected dens~ty in the 2.0 A difference electron-density map. The arrangement of 

their residues, and each domain binds a clus- these atoms, together with possible hydrogen-bonding patterns, was consstent w~th an ~nterpretation 
ter of one chlorophyll a and fol~r peridinin as DGDG molecules. After refinement, the DGDG head groups obey good stereochemstry and show no 

wit1,ill each efficiellcy d~fference density. The current model consists of 6849 protein atoms. 1890 atoms of pigments and 

of sillglet transfer from peridillin to Ipids, and 41 6 water atoms, and the R,,,, [= ZhiFo - F,Il Z,,F,, where F, and F, are the observed and 
calculated structure factor ampl~tudes; summation IS over all reflections h] n the resolution range 40 to 

is 'lose to 'lnity i7). of 2 A is 179% for 93120 reflections [free 4 (241, 20.1 % for 2325 reflections]. Steredchemica deviations 
chromo~hore illteractioll within alld alllollg from target values are 0.01 2 Afor bond lengths and 1.3'for bond angles. No residues are in disallowed 
the clusters have previously been based on regions of the Ramachandran plot. 
spectroscopic investigations (7, 8). Stri~cti~ral 
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mean square deviation of 0.9 A (12)]. Each 
domain consists of eight helices (N1 through 
N8 and C1 through C8) and their intervening 
loops, with a topology resembling a wide 
open, right-handed "jellyroll" (13); a short 
P-hairpin loop forms the tip of the jellyroll. 
The juxtaposition of these domains gener- 
ateso a centyal, hydfophobic space of about 
23 A by 23 A by 53 A filled with the pigments 
and lipids (holoprotein molecular weight, 
38.1 kD). This jellyroll fold has not previously 
been reported (14) for an a-helical protein. 
The fold appears to be advantageous, as it 
economizes on the number, size, and angular 
range of movements during folding of the 
protein around the chromophores after trans- 
location through the chloroplast membranes. 
The shape of the protein, with its triangular 
cross section, can best be described by anal- 
ogy with a ship, whose bow, sides, stem, and 
deck are formed by helices. This analogy c p  
be extended to describe the long (40 A) 
connection (12) between the NH2- and 
COOH-terminal domains as the keel of the 
ship and the chromophores in the interior of 
the ship as the cargo. Two large openings are 
found near the bow and the stem, between 
helices N8 and N6 and between C8 and C6, 
and two smaller ones are found in the deck, 
between helices N2 and N7 and between C2 
and C7. These openings are filled by the 
hydrophilic epoxycyclohexane rings of the 
peridinins (NHz- and COOH-terminal Perl 
to Per4) and the head groups of the lipids. 

Monomers of PCP form a noncrystallo- 
graphic trimer with a diame~er of about 
100 A and a thickness of 40 A; their local 
twofold axes are tilted by 20" with respect 
to the trimer plane. Trimerization occurs 
through mainly hydrophobic interactions of 
the deck and stem helices and is assisted by 
hydrogen bonds of the COOH-terminal Per2 
epoxycyclohexane ring, which interacts with 
its symmetry mates around the threefold axis 
through an intervening water molecule. Tri- 
merization of PCP is consistent with dynam- 
ic light-scattering properties of concentrated 
PCP solutions. Furthermore, we solved by 
the molecular replacement method two 

Fig. 1. Structure of peridinin, an asymmetric ca- 
rotenoid composed of an epoxycyclohexane ring 
(E) and a polyene chain (P) with a furanic ring (F) 
and a cyclohexane ring (C). Distortions of the all- 
trans configuration, as well as contacts of P and F 
with polar atoms of the protein environment, mod- 
ify the spectroscopic properties [peridinin in etha- 
nol, absorption maximum A,, = 470 nm (7); peri- 
dinin in peridinin-chlorophyll-protein (PCP), X,, 
= 478 nm]. 

nonisomorphous structures of PCP crystals 
grown under significantly different condi- 
tions and observed the same mode of tri- 
merization in these different environments 
(15). Trimer formation, which is also found 
in the other two structurally known water- 
soluble LHCs, bacteriochlorophyll a protein 
(1 6) and phycobiliprotein (1 7), as well as in 
LHC-I1 from higher plants (3), has been 
interpreted as advantageous for orienting the 
pigments and so optimizes the absorption 
cross section (16). It is striking that evolu- 
tion has used two different structural classes, 
all-a and all+, to build the water-soluble 
PCP and bacteriochlorophyll a protein, 
which have in common a hydrophobic space 
filled by a cluster of pigments. 

In photosynthesis, energy is transferred 
(18) among similar or identical chro- 
mophores byo two mechanisms. Long-range 
(up to 100 A) Fijrster dipole-dipole inter- 

action depends strongly on the mutual ori- 
entation of the dipoles: it is most efficient if 
dipoles are parallel and end-to-end but is 
still favorable if they are parallel and side- 
by-side. Coupling of delocalized $xcitons 
occurs at distances of less than 20 A. For a 
high efficiency of excitonic energy transfer 
between carotenoids and chlorophyll, much 
shorter distances are required, because of 
the short half-life of the carotenoid excited 
state (19). Circular dichroism studies of 
PCP (7) suggested two chlorophyll-peri- 
dinin clusters in which each chlorophyll is 
arranged between two pairs of mutually or- 
thogonal peridinins. The crystal structure 
confirms the existence of a NHz-terminal 
(Fig. 3) and a COOH-terminal pigment 
cluster, related by the same local twofold 
symmetry as is the apoprotein. Each cluster 
has two pairs of peridinins (Perl-Per2 and 
Per3-Per4) surrounding a chlorophyll; with- 

:: 19 200 

\ 56 97 N 7 82 N 

Fig. 2. Structure of PCP. (A) Stereo ribbon diagram of a monomer of the PCP complex. The NH, 
terminus is positioned at the lower right of the diagram, the COOH terminus at the lower left. Helices are 
gray, chlorophyll molecules are green, peridinins are in shades of red (Perl , lightest, to Per4, darkest), 
and lipids are in blue. The helices form a scaffold resembling a ship, whose parts are labeled. The view 
is approximately along the trimer axis, and the local twofold pseudosymmet~y axis, which relates the 
NH,- and COOH-terminal domains, is vertical. [Produced by MOLSCRIPT (25).] (B) Topology diagram 
of a PCP monomer. The jellyroll formed by the helices of each domain is depicted in a nonstandard (73) 
way, with NH, and COOH termini in the center, thereby conserving the spatial relations between helices. 
The "ship" consists of the bow (N1 and N8), sides (N3 through N6 and C3 through C6), stern (C1 and 
C8), and deck (N2, N7, C2, and C7). Helices parallel in the diagram are almost parallel in the structure, 
whereas all other pairs of adjacent helices cross at angles of around 30" to 50'. 
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in each pair, closest distances of the polyene 
chains are less than 4 A. All peridinins are 
in an extended all-trans conformation and 
show small distortions from their average 
geometry (20), which mainly result from 
interaction with the protein environment. 
In contrast to the predictions (7), the cross- 
ing angle within each pair is about 56" 
(26"), the furanic rings of the peridinins 
are close to each other within each pair, 
and the distance between the centers of 
mass which was estimated a: 12 A (7), is 
5.5 A (Perl-Per2) and 8.4 A (Per3-Per4), 
respectively. Perl and Per3 are parallel, to 
within 5", and flank the tetrapyrrole system 
on opposite sides, extending a plane that is 
tilted by 30" from that of chlorophyll (Fig. 
3). The other members of each pair, Per2 
and Per4, are stacked on opposite faces of 
the chlorophyll macrocycle and are within 
25" of the Q, and Qy transition moments 
(21) of chlorophyll, respectively. The con- 
jugated regions of all peridinins are in van 
der Waals contact (3.3 to 3.8 A) with the 
tetrapyrrole ring of chlorophyll, allowing 
efficient excitonic energy transfer from 

each peridinin to chlorophyll. 
The chlorophylls are completely buried 

in a hydrophobic environment: half of their 
surface area is covered by the peridinins, 
and the remainder is covered by the protein 
(one-third) and the fatty acid chains (one- 
sixth) of the lipids. The closest protein- 
chlorophyll contacts occur through a stack- 
ing at van der Waals distance of the imida- 
zole rings of two conserved His residues, 
His66 and His229, onto the tetrapyrrole C 
ring of the NH2- and COOH-terminal 
chlorophylls, respectively. A water mole- 
cule, which is on one side hydrogen bonded 
to these residues, provides the fifth coordi- 
nation site (distance, 2.0 A) of the central 
Mg atoms (Fig. 4). In both clusters, chloro- 
phyll intercalates into the pocket between 
the two pairs of peridinins, with its phytyl 
chain projecting into the space between 
Perl and Per3. Unlike the situation in LH2 
(9),  where excitonic energy transfer be- 
tween adjacent chlorophylls takes place, 
the geometry in PCP allows only Forster 
energy transfer between chlo~ophylls of 
each monomer (distance, 17.4 A). Distanc- 

Perl 

Chl 

es between chlorophylls of different sub- 
units within a trimer are in the 40 to 55 A 
range. The COOH-terminal chlorophylls 
appear to be oriented most suitably for Fijr- 
ster exchange of excitation energy between 
the subunits of a trimer (Fig. 5), as their Qy 
transition moments are approximately par- 
allel to the trimer axi? (inclination, 25"), 
and their distance (44 A) is well within the 
range of dipole-dipole interactions. 

The polypeptide chain of PCP serves 
three main purposes: (i) to provide a hydro- 
phobic environment for the pigments, 
which would otherwise be insoluble in the 
aqueous compartment of the chloroplast, 
(ii) to tune the absorption properties of the 
pigments, and (iii) to arrange the pigments 
such that there is efficient enerw transfer ., , 
among them and toward the other compo- 
nents of the photosynthetic apparatus. PCP 
shares the latter two requirements with the 
membrane-bound LHC. The structure of 
LHC-I1 from higher plants has been eluci- 
dated by electron microscopy (3)  and can 
serve as a structural model for other LHCs, 
including that of dinoflagellates, with 
which it shares about 30% sequence homol- 
ogy (2). Interestingly, we note structural 
similarities that parallel the functional sim- 
ilarities between these two proteins: Both 
are elongated monomers that associate to 
form flat trimers. and the trimer interface is 
in both cases provided primarily by one of 
the two monomer halves that is related to 
the other half by a local twofold axis. In a 
model based on fluorescence rise times, it is 

Fig. 3. Stereo view of the arrangement of peridinins and chlorophyll in the NH,-terminal cluster (heavy 
lines). Peridinins are labeled Perl to Per4. Two peridinins (Per2 and Per3) of the COOH-terminal pigment 
cluster are shown in black (thin lines). The view is the same as in Fig. 214. 

Fig. 4. Electron density map (coefficients 2F, - F,, contoured at 1.54 showing a stereo view of the 
environment of the COOH-terminal chlorophyll (Chl), including Leu254, His229, and parts of Per2, Per4, 
and one lipid molecule. A water molecule (Wat), which provides the fifth coordination site of the Mg, is 
also shown. The view is parallel to the trimer axis. 

Fig. 5. Model of energy flow to, from, and within 
the PCP trirner (top view). tight absorbed by the 
polyene chains of peridinin (red, color-coded as in 
Fig. 2A) is transferred by an excitonic mechanism 
to chlorophyll (circled). Crosses represent the 
transition moments (Q,, light green; Q,,, dark 
green). Energy can be equilibrated (dashed lines) 
among the chlorophylls of the trimer or passed to 
membrane-bound chlorophylls (below or above 
the plane of the trimer) by a dipole-dipole mecha- 
nism. Individual monomers are delineated by dot- 
ted lines, and the NH, and COOH termini are 
indicated. 
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MMMM 
proposed (22) that PCP passes energy from 
its chlorophylls to those of the membrane-
bound LHC. Although the data (22) do not 
exclude direct energy transfer to the core of 
photosystem 2, the similar appearance of 
the PCP trimer and that of the intrinsic 
chlorophyll-carotenoid protein suggests 
that PCP and LHC could coexist in a 
stacked configuration. With this proposed 
geometry, highly efficient Forster energy 
transfer from PCP to LHC can be expected, 
because the tetrapyrrole rings of their chlo
rophylls would be approximately coplanar. 
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and months.' after injury (2). At least in 
humans, complete recovery of function in 
distal musculature, including independent 
control of digits, is rare (3). 

Neurophysiological and neuroanatomi-
cal bases have been sought to account for 
functional motor recovery after cortical 
injury. It is assumed that other parts of the 
motor system must "take over" the func-
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Substantial functional reorganization takes place in the motor cortex of adult primates 
after a focal ischemic infarct, as might occur in stroke. A subtotal lesion confined to a 
small portion of the representation of one hand was previously shown to result in a further 
loss of hand territory in the adjacent, undamaged cortex of adult squirrel monkeys. In the 
present study, retraining of skilled hand use after similar infarcts resulted in prevention 
of the loss of hand territory adjacent to the infarct. In some instances, the hand repre
sentations expanded into regions formerly occupied by representations of the elbow and 
shoulder. Functional reorganization in the undamaged motor cortex was accompanied 
by behavioral recovery of skilled hand function. These results suggest that, after local 
damage to the motor cortex, rehabilitative training can shape subsequent reorganization 
in the adjacent intact cortex, and that the undamaged motor cortex may play an important 
role in motor recovery. 
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